IMPORTANCE Ultrasonographic (US) screening for thyroid cancer was performed in the Fukushima Health Management Survey after the 2011 Fukushima Daiichi nuclear power station accident. Clinical characteristics of thyroid cancers screened by US among children and young adults during the first 5 years after the accident were analyzed.
T he Great East Japan Earthquake on March 11, 2011, and the subsequent Fukushima Daiichi nuclear power station accident raised grave concerns regarding the dispersion of radioactive material in the environment, as well as the various health effects caused by the emergency evacuation, prolonged displacement, lifestyle change, and mental health problems of the people of Japan. 1 The level of radiation exposure in Fukushima immediately after the accident has been deemed to be much lower than the levels reported in Chernobyl immediately after the 1986 nuclear power station accident. 2,3 However, there was a divergence in estimations of the thyroid equivalent dose of radiation during the early phase after the accident because there was little direct measurement of individuals. Radiation-induced thyroid cancers have been rated as causing some of the greatest concern after the accident, and the fear of thyroid cancer caused disasterrelated anxiety among the general public after the accident. Thus, health surveillance, including thyroid screening, has been thought to be necessary for both scientific and social reasons. 4, 5 Ultrasonographic examinations of the thyroid were conducted, targeting Fukushima residents 18 years of age or younger at the time of the nuclear accident, as part of the Fukushima Health Management Survey (FHMS) commissioned by Fukushima Prefecture.
6,7
The minimum latent period of radiation-induced thyroid cancer is generally 5 to 10 years. 8 After the 1986 Chernobyl nuclear power station accident, the frequency of pediatric thyroid cancers reportedly increased relatively soon (within 5 years) after the accident in iodine-deficient areas owing to highdose thyroid exposure by intake of radioactive iodinecontaminated milk. 9 The possibility of a similarly increased risk of childhood thyroid cancer can be discounted in the case of the Fukushima nuclear power station accident because the absorbed doses to the thyroid after the Fukushima accident were substantially lower; however, risk could be theoretically inferred. 3 Because a comprehensive evaluation of the characteristics of screened thyroid cancers is important, a first round (in the first 3 years after the accident) and second round (in the following 2 years) of screening examinations were conducted during the first 5 years after the Fukushima nuclear power station accident. Apart from lifestyle-related changes or environmental carcinogenic factors, the incidence of thyroid cancer has been increasing worldwide, together with the advancement of highly sensitive ultrasonographic technologies. [10] [11] [12] In its recent update of recommendations for thyroid cancer screening, the US Preventive Services Task Force reconfirmed their prior recommendation against screening for thyroid cancer in asymptomatic adults because the harms due to overdiagnosis outweighed any potential benefit. 13 There are currently no thyroid cancer screening guidelines for young people. We began the FHMS thyroid screening program in 2011 and applied a Japanese guideline for the diagnosis of clinical thyroid cancer. 14 This protocol was considered to be relatively conservative (eg, incorporating the principle of not examining nodules with a tumor diameter of ≤5 mm). 15 To avoid potential overdiagnosis and assess the risk of low-dose radiation, it is essential to understand the characteristics of the natural history of detected thyroid cancer using highly sensitive ultrasonography. In this 5-year study, we analyzed the number of detected cases of thyroid cancer, corrected by the number of examinees in each age group, in a comparison between first and second rounds of screening.
Methods

Thyroid Ultrasonographic Examination in the FHMS
We sent information about the FHMS thyroid ultrasonographic examination to all residents of Fukushima 18 years of age or younger at the time of the Fukushima nuclear power station accident, except for those who refused to participate in the data analysis. The examination comprised 2 steps: a screening examination and a confirmatory examination, as described previously. 15 Participants with nodules larger than 5.0 mm in diameter were screened by ultrasonography according to Japanese guidelines for the clinical diagnosis of thyroid cancer. 14 In the confirmatory examination, fine-needle aspiration cytology was performed as necessary, and malignant or suspected malignant nodules were cytologically diagnosed. First-round screening examinations were conducted in fiscal year 2011 to fiscal year 2013, with a participation rate of 81.7% 16 and second-round screening examinations were conducted in fiscal year 2014 to fiscal year 2015, with a participation rate of 71.0%. 17 The study was approved by the Fu- Findings In this cohort study of 324 301 children and young adults, thyroid cancer was diagnosed in 187 individuals within 5 years when health effects of radiation were hardly conceivable. The distribution pattern of the incidence rate by age group in second-round examinations increased with older age.
Meaning Large-scale mass screening resulted in the diagnosis of many thyroid cancers even in young age; to avoid overdiagnosis, an improvement in screening strategy based on the understanding of the natural history of thyroid cancer will be urgently needed.
diagnosis of malignant or suspected malignant thyroid tumors in the second-round examination, and they were subsequently enrolled in this study.
Detected Cases of Thyroid Cancer by Age Group at Time of Accident
The number of detected or suspected cases of thyroid cancer among participants in the first round and second round of screening was calculated and adjusted by the number of individuals in each age group at the time of the accident. The adjusted number of detected cases in the first round of screening corresponds to the prevalence of thyroid cancer during the first 3 years and the adjusted number of detected cases in the second round of screening corresponds to the incidence of thyroid cancer during the next 2 years.
Incidence Rate of Thyroid Cancer Detected by Ultrasonography in the Second Round
In the calculation of incidence rate by age group at the time of screening, we excluded 116 participants with diagnosed or suspected thyroid cancer from the 299 905 participants in the firstround examination. Next, we excluded 54 259 participants who did not participate in the second-round survey (including 69 who died). There were 245 530 participants with sufficient thyroid examination data in the second-round survey. The incidence of patients with cytologically diagnosed or suspected thyroid cancer was calculated as the number of cases divided by the mean observation period between the dates of the firstand second-round screenings, per 100 000 person-years. Of the 245 530 participants, 70 received a diagnosis of malignant or suspected malignant thyroid tumors and were subsequently enrolled in the incidence analysis. The incidence by age group was determined by dividing the age groups at screening into 3-year intervals (age, ≤2, 3-5, 6-8, 9-11, 12-14, 15-17, 18-20, and 21-22 years).
Estimated Age-Conditional Incidence Rate of Thyroid Cancer
We estimated the expected age-conditional incidence rate of developing thyroid cancer using a life-table method and national estimates of the incidence of thyroid cancer during the period from 2001 to 2010. [18] [19] [20] We then compared the differences in the age-conditional incidence rate between the FHMS and national cancer registry by age group.
Statistical Analysis
We calculated the relative risk and 95% CI of thyroid cancer for the age groups of 12 to 14 years, 15 to 17 years, 18 to 20 years, and 21 to 22 years, with the group aged 9 to 11 years as a control reference, using Poisson regression models adjusted for sex. All data analyses were analyzed using JMP, version 12 (SAS Institute), and SAS, version 9.4 (SAS Institute).
Results
Among 299 905 individuals screened in the first round, 50.5% were male and the mean (SD) age at screening was 14.9 (2.6) years. Among 271 083 screened in the second round, 50.4% were male and the age at screening was 12.6 (3.2) years. Data on all malignant or suspected cases of thyroid cancer that were cytologically diagnosed during thyroid examinations conducted from fiscal year 2011 to fiscal year 2015 are summarized in Table 1 . The number of cases of thyroid cancer or suspected thyroid cancer was 116 in the first-round screening and 71 in the second-round screening.
In first-round examinations, the mean (SD) age at diagnosis was 17.3 (2.7) years, there were 77 female patients and 39 male patients, the mean (SD) tumor diameter at screening was 12.7 (7.4) mm, and the median tumor size at screening was 10.5 mm. In second-round examinations, the mean (SD) age at diagnosis was 16.9 (3.2) years, there were 39 female patients and 32 male patients, the mean (SD) tumor size at screening was 9.7 (5.3) mm, and median tumor size at screening was 8.6 mm. The distribution patterns by age group at the time of the accident, in which the number of detected cases of thyroid cancer was corrected by the number of individuals, increased with older age and were similar in first-round ( Figure 1A) , and second-round examinations ( Figure 1B) , with an interval between screenings of about 2.1 years. No individuals younger than 6 years at the time of the accident had thyroid cancer detected in the first-round examination, and none younger than 5 years at the time of the accident had thyroid cancer detected in the second-round examination. The number of detected cases of thyroid cancer per 100 000 persons was estimated to be approximately 175 for those 18 years of age at the time of the accident in the first round of screening and 97 for those 18 years of age at the time of the accident in the second round of screening.
To compare the results of first-and second-round screenings, we calculated the incidence rate of detected cases of thyroid cancer by age group at the time of screening ( Table 2 ). The incidence rate of thyroid cancer per 100 000 person-years detected in the second-round screening was 0 cases for those 2 years or younger, 0 cases for those 3 to 5 years, 3 cases for those 6 to 8 years, 10 cases for those 9 to 11 years, 22 cases for those 12 to 14 years, 29 cases for those 15 to 17 years, 48 cases for those 18 to 20 years, and 64 cases for those 21 to 22 years. This distribution pattern of the incidence rate by age group at the time of screening in the second-round examination also increased with older age. Compared with the age group of 9 to 11 years, the sexadjusted relative risk was 2.26 (95% CI, 1.11-1.52) for the age group of 12 to 14 years, 2.95 (95% CI, 1.40-6.26) for the age group of 15 to 17 years, 4.80 (95% CI, 2.11-10.9) for the age group of 18 to 20 years, and 6.28 (95% CI, 0.81-48.7) for the age group of 21 to 22 years. The estimated ageconditional incidence rate of cases per 100 000 personyears was calculated to be approximately 0.5 for those 15 to 17 years of age, 1.0 for those 18 to 20 years of age, and 1.7 for t h o s e 2 1 t o 2 2 ye a r s o f a ge . A l a rge exc e s s r i s kapproximately 63 times in excess for those 15 to 17 years of age, 50 times in excess for those 18 to 20 years of age, and 38 times in excess for those 21 to 22 years of age-was calcu- lated for these age groups, compared with the ageconditional incidence rate estimated using data on people 25 years or younger retrieved from the national cancer registry (2001-2010). 20 
Discussion
In this study of the FHMS thyroid screening program, diagnosed or suspected thyroid cancer was detected in 116 individuals in the first round of screening and 71 individuals in the second round. As shown in Table 1 and Figure 1 , no large differences were found in the basic characteristics of detected cancers between the first-and second-round examinations. The mean tumor diameter was smaller in the second round than in the first round, and the proportion of tumors with a diameter of 5.1 to 10.0 mm was greater in the second round than in the first round. Because the mean interval between the 2 examinations was 2.1 years, this is considered an initial screening effect of the relatively large-sized tumors discovered in the first-round examination and/or increased sensitivity owing to 2 rounds of screening. The distribution patterns of detected thyroid cancers by age group at the time of screening were also similar, suggesting that the detection rate of thyroid cancer using highly sensitive ultrasonography did not change substantially during the first 5 years after the Fukushima nuclear power station accident. Although a longer observation period is needed, this pattern by age at the time of the accident differs from that of the Chernobyl nuclear power station accident; for example, there was a higher frequency of cases of cancer at younger ages with a relatively short latent period after the Chernobyl nuclear power station accident. 21, 22 Thus, an association between the large number of thyroid cancers detected and radiation exposure is thought to be very unlikely, in addition to the very low doses of radiation 2-4 in the Fukushima nuclear power station accident. Although distributions of the radionuclides were affected by the physical state of each nuclide, by geographical features, by wind, and by rainfall, 23, 24 there was no pattern of association between the geographical dose distribution and the prevalence of thyroid cancer among the participants in the first round of screening. 25, 26 Furthermore, these findings are supported by pathologic features and the cancer driver mutation profile of these cases, 27,28 which are markedly different from those of the cases seen after the Chernobyl nuclear power station accident 29,30 but similar to those of low-risk, sporadic cases of adult thyroid cancer.
31,32
One question remains in the comparison of data from the first-and second-round examinations. In the present study, the number of cancers detected in the second-round examination was about 61.2% (71 of 116) of that detected in the first round, despite the similar mean age at detection (first round, 17.3 years; second round, 16.9 years) and the relatively short interval between examinations (approximately 2.1 years). If most thyroid cancers in young individuals grow slowly and steadily, the number of thyroid cancers per 100 000 examinees detected in the second-round examination should have decreased from the number detected in the first round owing to the initial screening effect. The reasons why the number of cases detected at young ages did not decrease much can be explained as follows. First, among patients at a relatively young age, a large pool of thyroid cancers that are not routinely diagnosed by screening forms part of the natural disease course. This is consistent with the fact that many more thyroid papillary cancers are observed in autopsies among people who are relatively young than among those in cancer registries.
33,34 Second, in a portion of cancers in this large pool, the tumor grows to approximately 5 to 15 mm in diameter, and these tumors are more likely to be detected in an age-dependent manner.
35
Third, these tumors initially proliferate and then fall into a nearly arrested growth pattern after a certain period. A recent study reported that most asymptomatic thyroid cancers screened in the FHMS examinations can be observed falling into an arrested growth pattern after the initial proliferation phase, and 6% of cancers or suspected cases of cancer had reduced tumor size. 36 Of 70 cases of cancer, 58 detected in the second round were at least newly detected; nodules detected at the first examination in the remaining 12 cases cannot necessarily be diagnosed as cancer. This finding indicates agedependent increases in detectable cancers from the large pool of nonclinical and subclinical thyroid cancers. Based on the results of first-round examinations, Katanoda et al 18 reported that the observed prevalence of thyroid cancer among residents 20 years of age or younger, without adjusting the number of participants, was 160.1 and that the estimated prevalence of thyroid cancer, without adjusting the number of participants, was 5.2, giving an observed to estimated ratio of 30.8. As seen in a previous report, comparison of FHMS thyroid examination data and National Cancer Center Registry data requires the following 3 points for interpretation: prevalence in the first-round FHMS examination and cancer registry incidence data, mass screening and clinical routine detection data, and sensitivity data. 37 The first point is considered comparable according to the incidence of secondround examinations, as shown in Table 2 and Figure 2 . The Incidence was expressed per 100 000 person-years by dividing the age groups at screening into 3-year intervals (age groups of Յ2, 3-5, 6-8, 9-11, 12-14, 15-17, 18-20, and 21-22 years).
Research Original Investigation
Incidence of Thyroid Cancer Among Residents Within 5 Years of the 2011 Fukushima Nuclear Accident difference in the number of detected cases caused by the latter 2 points is considered to be the outcome of screening effects and/or potential overdiagnosis. A simulation using a cancer progression model based on the National Cancer Registry also indicated that median lead times were 34 years for male patients and 30 years for female patients, under the assumption that all screened cancers will develop into clinical symptomatic cancer. 37 If many nonprogressive or regressed thyroid cancers are detected by ultrasonography in children or young adults, frequent examinations may produce a greater potential for overdiagnosis.
38
Like the first-round examination, a large excess risk owing to potential overdiagnosis in the second-round screening was expected compared with the estimated age-conditional probability retrieved from the cancer registry.
39 Considering the possibility of overdiagnosis, using conservative criteria is important for thyroid cancer screening. Previous screening studies have addressed the characteristics of low-risk thyroid cancers by raising the level of screening criteria above those of clinical diagnostic criteria. From 1992 to 1997, a survey was conducted using thyroid ultrasonographic screening among 3440 children younger than 17 years of age who were exposed to radioactive iodine released from the Hanford nuclear facility in the United States. 40 The fine-needle aspiration biopsy criteria were changed soon after the start of screening, to prevent overdiagnosis, from inclusion of tumors with diameters of 10 mm or more to inclusion of tumors with diameters of 15 mm or more. Takebe et al 41 reported that the thyroid tumor ultrasonographic screening criteria for adults were changed from inclusion of tumors with a diameter of 3 mm to those with a diameter of 7 mm, then to 10 mm, and then to 15 mm among female participants from 1990 to 1995 in Japan. The detection rates of thyroid cancer were 3.5% with inclusion of tumors with a diameter of 3 mm, 1.5% with inclusion of tumors with a diameter of 7 mm, 0.9% with inclusion of tumors with a diameter of 10 mm, and 0.28% with inclusion of tumors with a diameter of 15 mm. The American Thyroid Association recently updated its clinical guidelines to recommend that, generally, only nodules larger than 10 mm should be considered for further examination and thyroid cancer screening is not recommended. 42 The detection rate of thyroid cancer in the FHMS examinations can be expected to decrease to approximately 44% if screening nodules with a diameter larger than 10 mm, 13% if screening nodules with a diameter larger than 15 mm, and 4% if screening nodules with a diameter larger than 20 mm, compared with screening nodules with a diameter larger than 5 mm. The natural history of many papillary thyroid cancers is different from some other cancer types, where early diagnosis may improve prognosis. 43 To prevent overdiagnosis, screening criteria for asymptomatic individuals need to be higher and their sensitivity should be lower than that of clinical guidelines for symptomatic patients. The EU-OPERRA, SHAMISEN (European Project for the European Radiation Research Area, Nuclear Emergency Situations Improvement of Medical and Health Surveillance) project has indicated that systematic thyroid cancer screening should not be recommended, but it should be made available. 44 In this recommendation, thyroid cancer screening programs should be prepared on a voluntary basis and could not be ultrasonography first but based on a clinical examination including thyroid palpation, in which only suspicious cancers are referred to ultrasonography. 44 Although there are multiple factors to consider in screening criteria using ultrasonography, we think that increasing the screening size of tumors may be an effective tool for reducing unnecessary diagnoses in a large pool of thyroid cancers. The fundamental ethical principle of doing more good than harm should be central to accident management, including conducting thyroid screening that is designed to avoid the problems of potential overdiagnosis. 13 ,44 Therefore, we should not be influenced by the negative experiences or psychosocial issues of the examinees under the potential for overdiagnosis. 45, 46 There are no clinical findings or biomarkers that can distinguish cases in which early diagnosis may be beneficial to patients from a large pool of low-risk thyroid cancers. Thus, a careful follow-up system is required to ensure the merit of early detection and prevent potential overdiagnosis via large-scale screening.
Limitations
This study focused on thyroid cancer screening conducted in accordance with thyroid examinations in the FHMS. Several limitations in this study should be considered. Although participation rates were high in the first-and second-round screenings, selection bias may have occurred despite correcting for age-specific participation rates. For example, the examination rate in secondround screenings was more than 90% among those younger than 14 years but approximately 40% among those 15 years or older. A final pathologic diagnosis was obtained for 152 surgical patients, but not for the remaining 35 patients with cancer or suspected cancer who did not undergo surgery or for whom surgical reports could not be obtained. We did not analyze the detailed clinical or pathologic findings after thyroid cancer surgery or the prognosis for those awaiting surgery. First-round screening was conducted for approximately 2.5 years, and second-round screening was conducted for approximately 2 years. The time until each confirmatory examination varied, ranging from approximately 2 months to approximately 3 years. Because this is an observational study, it is difficult to analyze the effect of low-dose radiation or other confounding factors.
Conclusions
In this observational study, thyroid cancer in young patients as screened by ultrasonography showed age-dependent increases in the number of cases detected in first-and second-round examinations. This study indicates that a large pool of thyroid cancers exist, which are not recognized as clinical cancers without screening, from a relatively young age. Because the natural progression of thyroid cancer based on the possible causes in young patients remains unknown, further studies are required. Data from the FHMS may contribute to understanding how to conduct future screening programs to both limit overdiagnosis and support an accurate evaluation of the effect of low-dose radiation on the thyroid glands of children and adolescents.
